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We perform numerical modeling of a gold nanorod bound to the surface of a microtoroid-based biosensor. Localized surface plasmon resonances in the nanorod give rise to strong enhancements in the electric field when excited near resonance, increasing the frequency shift for a single bovine serum albumin molecule by a factor of 870, with even larger enhancements predicted for smaller proteins. On resonance, the frequency shift is predicted to be on the order of MHz, more than an order of magnitude larger than measurement noise arising from time-averaged frequency and thermal fluctuations. Whispering gallery mode (WGM) resonators such as silica (SiO 2 ) microspheres 1 and microtoroids 2 have unprecedented sensitivity as biological sensors [3] [4] [5] [6] due to their small optical mode volume and ultra-high quality factor (Q > 10 8 ) in water. The interaction between the resonator's evanescent field and its environment shifts the resonance frequency of the optical mode, such that when a molecule binds to the resonator surface it induces a shift given by
where a m andr m are the polarizability and position of the molecule, E 0 ðrÞ is the WGM electric field, and V is the optical mode volume of the resonator. For typical WGM resonators and proteins, Eq. (1) predicts single molecule optical frequency shifts in the Hz to kHz range. As an example, a bovine serum albumin (BSA; a m ¼ 54800 Å 3 ) 7 protein bound to a microtoroidal resonator with V ¼ 760 lm 3 produces a frequency shift of dx m ¼ 5 kHz. Presently, however, measurement noise arising primarily from thermal fluctuations within the resonator and fluctuations in laser frequency often limits the minimum detectable frequency shift to above 5 kHz, 6, 8 precluding the observation of single molecule binding events.
Recently, it was shown experimentally that a localized surface plasmon resonance (LSPR) in a large metallic nanoshell can enhance single nanoparticle optical frequency shifts in a microsphere resonator by a factor of four. 9 The enhancement was predicted to be as much as 200 for BSA. A similar effect was shown in Ref. 10 . In this letter we predict that a gold (Au) nanorod with a length-to-diameter aspect ratio of R ¼ 4 can enhance the frequency shift of a single BSA molecule by as much as 870, with even larger enhancements possible for proteins smaller than BSA. We compare the enhanced frequency shift for BSA with that of a bare microtoroid resonator and show that the enhancement can allow single molecule detection below the limits set by thermal and laser frequency fluctuations.
We present theoretical modeling of the LSPR generated in Au nanorods using a boundary element method (BEM) as described in Refs. 11-13. The model consists of a single Au nanorod bound to the equator of a microtoroid so that it experiences the maximum possible resonator evanescent field E 0 ðrÞ ( Fig. 1(a) ), and orientated such that its longitudinal axis is aligned with the polarization of the WGM. The nanorods' dimensions (diameter of 10 nm, 2 R 4) are small in comparison with the incident wavelength k, so the evanescent field may be modeled as a plane wave of unit amplitude, neglecting the small evanescent decay across the nanorod. The background medium is water (with relative permittivity b ¼ 1.77), and the experimental dielectric function for Au was taken from Johnson and Christy.
14 First let us consider a bare nanorod without any target molecules present. We will then consider the case when a single BSA molecule (white circle in Fig. 1(b) ) binds to the tip of the nanorod and shifts the frequency of the microtoroid WGM.
In Fig. 1(b) we show the electric field intensity around a nanorod with R ¼ 4 that is excited close to resonance (k ¼ 803 nm). The strong fields at each tip result from the curvature of the nanorod's hemispherical caps, with enhancements relative to the incident intensity in excess of 10 (2) absorption from the nanorod will reduce the Q factor of the resonator. Fig. 2(a) shows the absorption cross-sections r(R) for nanorods with increasing R (in order of increasing k) calculated using the BEM. To account for the enhanced absorption near resonance, we consider an additional cavity loss rate C which reduces the optical Q factor of the resonator from Q 0 to Q ¼ ðQ À1 0 þ C=xÞ À1 . Absorption dominates over scattering in the near-field, 15 so the loss rate can be determined by I inc r ¼ hxC, where I inc ¼ hxcf 2 ðr s Þ=V is the intensity incident on the nanorod, 16 c is the speed of light, and f ðr s Þ is the spatial variation of E 0 ðrÞ in the optical mode. 17 The Q factor is then
The reduced WGM Q factors are shown in Fig. 2 , and f 2 ðr s Þ ¼ 0:3 at the equator. Now we can consider the enhancement in dx due to a BSA molecule binding to the microtoroid-bound nanorod. We model the BSA molecule as a dielectric sphere with a radius of 3 nm and m ¼ 2.78 (Ref. 18 ) that is bound to the tip of the nanorod. Because the field strength decays very rapidly near the tips (with a characteristic length on the order of nanometers), the field is inhomogeneous over the BSA molecule. For this reason rather than using a dipole approximation as in Eq. (1), the frequency shift is found by numerically integrating the field intensity associated with polarizing the BSA molecule. 9 The enhancement in dx is the ratio of the polarization energies with and without the nanorod
where E nr ðrÞ is the field emerging from the nanorod, E m ðrÞ is the induced field in the BSA molecule, and E 0 ðrÞ is a plane wave which represents the WGM field prior to the enhancement. We consider the frequency shift due to a firstorder pertubation and therefore take the integration over the volume of the BSA molecule only. 19 Fig. 3(a) shows the calculated enhancement for a nanorod with R ¼ 4. The shape is an asymmetric Lorentzian, on account of the plasmonic loss being non-uniform over the wavelength band. The enhancement is very broad, with a peak value of roughly 870 on resonance (k ¼ 803 nm), and decreases linearly with decreasing R (Fig. 3(b) ). In the inset of Fig. 3(a) , we show the electric field intensity inside the BSA molecule. As a result of the inhomogeneity in E nr ðrÞ near the nanorod tip, the field penetrates into the molecule very weakly, amounting to a smaller enhancement through the numerator of Eq. (3). However, BSA is a relatively large protein, 7 and, in principle, much larger enhancements could be achieved for smaller proteins.
We can now estimate the frequency shift dx BSA expected for a single BSA molecule. We consider a measurement of dx with some fraction due to the binding event dx BSA and the rest due to noise from fluctuations in the laser frequency dx DX and thermal fluctuations within the resonator dx DT
Using Eqs.
(1) and (3), the enhanced BSA frequency shift is dx BSA ¼ n(R) Â dx m , where dx m is the frequency shift due to BSA prior to the enhancement. For a standard microtoroid resonator with V ¼ 760 lm
3
, dx m is about 5 kHz. For the remaining terms in Eq. (4), we take dx DX to be fluctuations on the order of a tunable diode laser's linewidth (dx DX ¼ 100 kHz (Ref. 20) ) and dx DT to be thermorefractive fluctuations in a standard microtoroid resonator. The thermal frequency shift is given by dx DT =x ¼ n À1 dn dT DT, where for SiO 2 n ¼ 1.45 is the refractive index,
is the thermorefractive coefficient, and DT is the temperature fluctuation over an averaging time s. By following the analytical work of Gorodetsky and Grudinin 21 and numerically calculating the power spectral density of thermorefractive noise in a microtoroid, we found that DT ¼ 0.6 6 0.1 lK for s ¼ 1 ms (see supplemental material 22 ). However, since temperature fluctuations scale with the effective mode volume, DT / V À1 eff ¼ Ð jEðrÞj 4 dr, we also calculated the spectrum including the field from the nanorod E nr ðrÞ. For the enhancements reported in this letter, the nanorod's contribution to thermorefractive noise was negligible.
In Fig. 4 we show the predicted BSA frequency shift for a microtoroid with V ¼ 760 lm microtoroid resonator without the plasmonic enhancement (n ¼ 1). On resonance the enhanced frequency shift is predicted to be about 4 MHz, well above the noise contributions. By contrast, the bare frequency shift dx m is well below the detection limit set by fluctuations in laser frequency (dashed), in agreement with another report. 8 Furthermore, the thermal noise (dash dotted) is on the order of dx m , suggesting that without the enhancement themorefractive noise could preclude single molecule detection for measurements with s 1 ms, even when interferometric methods are employed to cancel dx DX . 5, 8 In summary, we have performed theoretical calculations of the LSPR excited in Au nanorods bound to a microtoroidal resonator. The frequency shift enhancement is likely to put single molecule detection within reach. We calculate a maximum resonant enhancement of n ¼ 870 for BSA binding to a nanorod with R ¼ 4, which corresponds to a frequency shift on the order of 4 MHz in a microtoroid. 
